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Human blastocyst-derived, pluripotent cell lines are described that  have normal 
karyotypes, express high levels of  telomerase activity, and express cell surface 
markers that characterize primate embryonic stem cells but do no t  characterize 
other early lineages. After undifferentiated proliferation in vitro for 4 t o  5 
months, these cells s t i l l  maintained the developmental potential t o  form tro- 
phoblast and derivatives of  al l  three embryonic germ layers, including gut  
epithelium (endoderm); cartilage, bone, smooth muscle, and striated muscle 
(mesoderm); and neural epithelium, embryonic ganglia, and stratif ied squamous 
epithelium (ectoderm). These cell lines should be useful in human develop- 
mental  biology, drug discovery, and transplantation medicine. 

Embryonic s tem (1,s) cells arc dcrivcd 
from totipotent cclls of the early niamma- 
lian embryo and are capable o f  unliinitcd, 
u nd i ffere nt i ;I t ed pro 1 I fe rat i  on 1 n vitro ( 1 , 2) .  
I n  chimeras \\ i t h  intact embryos, niousc ES 
cells contribute to ;i wide range of adult 
tissues. including germ cells, providing B 

powerful approach for introducing specific 
genetic changes into the niousc germ line 

cell” was introduced to 
distinguish thcsc cnibryo-derived plur ipo-  
tent cells from tcr;itocarcinoma-dcrived 
p 1 u r i  p o  te n t e ni br yon a I carcinoma ( EC‘) 
cells ( 2 ) .  Given the historical introduct ion 
o f  the term “ES cell’’ and the properties of 
mouse ES cells, we proposed that the es- 
sential characteristics of primate I..S cells 
should include ( I )  dcrivation from the prc- 
implant a t  i  o ti 01- per i i in p 1 anta t i  on em17 ryo, 
(11) prolonged undiffcrcnti~ited prolil‘cra- 
tion, and ( i i i )  stable rlc\clopnicntal p o l e n -  

tial to form tlcrivatives of all three cmbry- 
oiiic gcrni laycrs cvcn aftci- pi-olongcd cul- 
ture (4) .  For ethical and prxt ica l  reasons, 
1 n inany pri in at c spccics, incl ud iiig humans, 
the ability of ES cells to contribute to the 
germ line i n  chimcras I S  not a t e s t a b l e  

property. Nonhumnn primate ES cell lines 
provide an accurate i n  vitro niodcl  for UII- 

ti crs t an d i ng t he tii ftcrc n t i ii t I on o I‘ ti uman 
tissucs (4, 5).  We now dcscrihc human cell 
lines that fiilfill our proposed criteria to 
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define primate ES cells. 
Frcsh or fi-ozcn cleavage stage human 

embryos, produced by in \. itro fertilization 
( IVF)  for  clinical purposes, were donated 
h y 1 n d i \, i d ti a I s a ft c r i  I I  for  in et1 con se n t a 11 ii 
alter institutional review board approval. 
E nib ry o s  ~ v c  re c u I I ti I-cd to t 11 c h 1 as t oc y st 
stage, I4 inner cell inasses were isolated, 
and five ES cell lines originating from f ive 
separate embryos were dcrivcd. essentially 
as described fo r  noiiIi1iin;iii priniatc 1JS cells 
( 5 ,  6 ) .  The resulting cells had a high ratio 
of  nucleus to cytopl;ism, proinincnt iiuclc- 
oli, and a colony morphology similar to t h a t  
o f  rhesus inonkcy ES cells (Fig. I ) .  Thrcc 
cell lines (HI, H13,  and H14) had a normal 
X Y  karyotype, and tw’o  cell lines (117 and 
Hc)) had a normal X X  karyotype. Each of 
the cell lines was successfully cryoprc- 
served and thawed. Four of tlie cell lines 
were cryoprcservcd aftei- 5 to 0 months of 
con t i niious II ti di ffe t-e ti t i a t ed pro  I I fcrat ion. 
The other c e l l  line, I I O .  retained 21 noriiial 

Fig. 1. Derivation of the 
H9 cell line. (A) Inner 
cell mass-derived cells 
attached to mouse em- 
bryonic fibroblast feed- 
er layer after 8 days of 
culture, 24 hours be- 
fore first dissociation. 
Scale bar, 100 Fm. (B) 
H9 colony. Scale bar, 
100 km. (C) H9 cells. 
Scale bar, 50 Fm. (D) 
Differentiated H9 cells, 
cultured for 5 days in 
the absence of mouse 
embryonic fibroblasts, 
but in the presence of 
human LIF (20 ng/ml; 
Sigma). Scale bar, 100 
km. 
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X X  karyotype af ter  6 months of c u l t u r e  and 
has n o w  bee 11 pass aged c 011 t i  ii I IU 11 s I y fo I- 
more than X months (32 passagcs). A pcriod 
of  replicatibe ci-isix was not observed for 
any of  the cell lines. 

The human 1:s cell lines expi-essed high 
lcv~cls of tclomcrasc activity (Fig. 2 ) .  ’ I  clo- 
ineriisc is ;I ril7oiiucleoprotein that aclds telo- 
mere rcpcats to chromosome ends and is 
in\olved i n  maintaining tcloincre length. 
which plays an important i.olc i n  replicative 
life-span (7. 8) .  Telomcrasc exlit-cssion is 
highly corrclatcd \vi111 immortality i n  hum;in 
cell lines, and reintroduction of telomerasc 
activity into sonic diploid Iiunian somatic cell 
l i nes  extends replicative life-span ( 9 ) .  I ) i p -  
loid human somatic cells do not express tcl- 
oniernse, have shoi?ened telomeres n i t h  age. 
and enter rcplicativc ~ ~ n c s c c n c e  after :I finite 
proliferative life-span i n  tissue ciilttire ( 1 0  
13) .  In contrast, tclonicrasc is pi-csent at high 
levels i n  germ line and embryonic tixsiics 
( / 4 ) .  l h c  high level of tclomcrasc activity 
eupressed by the hunian IIS cell lines there- 
fore suggests that t h c i r  replicative life-span 
\vi11 exceed that of som;itic cells. 

The human ES ce l l  lines expressed cell 
surface markers tha t  cliai-actei-ix untiiffereii- 
tinted nonhuman primate ES and human E(’ 
cells, including stage-specific embryonic ;i i i-  

X I ,  ;tnd alkaline phosphatase (Fig. 3) (4,  .i. 
/j, / 6 ) .  The globo-series glycolipid (iI,7, 
\A Iiich cari-ies the SSEA-4 cpitopc. is foriiictl 

by the addition o f  sialic acid to thc gloho- 
series glycolipid Gh5,  ivliicli carries tlie 
S E A - 3  cpitopc (17 .  1X).  Thus, ( iL7  reacts 
with antibodies to both SSEA-3 and S S t A - 4  
(17,  / A ) .  Staining intensity for  SSliA-4 on the 
l iun ian  IIS cell lines w a s  conxistently strong, 
but staining intensity for SSEA-3 was wcak 
and varied both within and ;iinoiig colunics 
(Fig. 3, U and C).  Because (iL7 carries both 

cause staining for SSIIA-4 was consistently 
strong. the relatively weak staining for 

A-4, TKA-1-60, TI<:\- 1 - 

the SSEA-4 LII1d SSEA-3 e17ltokTes U I ~  be- 
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MEF til ti7 t i t3 H14 ti9 293 MDA Buffer TSRB Fig. 2. Telomerase ex- 
pression by human ES mWL'nLZ ' G i ' ~ n ~ ~ ~  
cell lines MEF, trradiat- a e  %In- I C I  rrd ( I A  (** 
ed mouse embryonic 
fibroblasts used as a 
feeder layer for the 
cells in lanes 4 to 18, 
293, adenovirus-trans- 
formed kidney epithe- 
lial cell line 293, MDA, 
breast cancer cell line 
MDA. TSR8. quantita- 

* -  
09- e-* 
..-e 
e-* 
a** 

SSEA-3 suggests a restricted acccsb of the 
antibody to the SSEA-3 cpitopc. I n  common 
with hiiman EC cells, the undifferentiated 
human FS cell lines did not stain for SSt-IA- I ,  
but diflcrcntiated cells stained strongly for 
SSEA-I ( I S )  (Fig. 3). Mouse inner cell inass 
cells, ES cells. nnd EC cells express SSEA-1 
hut do not express SSEA-3 or SSFA-4  ( I  7, 
1 Y ) .  suggesting basic species differences bc- 
tween early inoiisc and huinan development. 

The hum;in ES cell lines were derived 
by the selection and expansion of individ- 
LI a I co I o 11 i es of ;I mi i for i n ,  u n d I ffcrc nt i ;it c d 
morphology, hut none of the 11s cell liiics 
w a s  derived by the clonal expansion of a 
single cell. The unifoi-ni iindt ffcrcntiatcd 
morphology tha t  IS shared by human ES 
and nonhuman primate hS cells and the 
consistent expression by the Iiuni;in ES cell 
lines of cell surfacc markers that  uniqiiely 
characterize primate ES aiid hitiman EC 
cells make  i t  extremely unlikely that a 
mixed population of  precursor cella was 
cxpantled. Ilowcvcr, because the cell lines 
were not cloned from a single cell, we 
cannot rule out the possibility that there is 
some v u 1  at I on i t i  de vc lopm cii ta I po t e n  t i a1 
among the tindifferentiated cells, i n  spite o f  
their homogeneous appearance. 

I he huina i i  l*,S cell lines inailitailled the 
potential to form derivatives of all three 
cmhryoiiic germ layers. All f i b c  cell lines 
produced teratomas after injection into se- 
vere conibtned iinniunodcficicnt (SCII))- 
beige mice. Each in.jcctcd mouse formed a 
t c rat oil ia ~ ii lid :I 11 t era t o in A s i n  c I i t  de d gu t 
el, i t lie I i 11 in ( e  ndode rm ) : b o n  e, 
sinooth muscle, and striatcd rnusclc (tiicso- 
derm); and neural epithelium, embryonic 
g;iiiglia, and  stratified squamous cpithcliiirn 
(ectoderm) (Fig. 4). In vitro, the ES cells 
differentiated wlieii culttired i n  the absence 
of iiiouse embryonic fibroblast feeder lny- 
crs, twth i n  the presence and absence o f  
human leukemia inhibitory factor (LIF) 
(Fig. I ) .  When grown to  conf lucncc and 
;illowed to pile up  in the culture dish, the 
E S cc I 1 I  i iics ti i ffc I-cnt i at e d s pori t aiie 011 SI y 
even i n  the presence of fibroblasts. After 
I I!, cells were allowctl to differentiate for 2 
wccks, both a-fetoprotein (350.9 2 14.2 
IIJ/iiiI) aiid huinan chorionic gonadotropin 
(IiC'G, 46.7 t 5.6 niIUlinI) were detected in 
conditio t i  cd cu 1 t u  re nicd i u I n, indic:iting 
endoderm and trophoblast differentiation 

I luman 1.3 cells should offer insights 
into devclopineiital events that  cai i i io t  be 
studicd directly in the intact human embryo 
but that h R c e i 111 port a t i t  coli scq 11 c iic e s I n 
clinical areas, including birth defects, in- 
fert i 1 i t  y , ;i nd pregnancy I o ss . Part  ic u I a r I y i n 
the early postimplantation period, knowl- 
edge of  normal  liiitiiaii d 
largely restricted to the description of a 

,. 

c ;I rt i I age, 

( 2 0 ) .  

tion control template 

Te was omerase meawed activity witn *-- 
the TRAPEZE Telomer- 
ase Detection Kit (On- 
cor, Caithersburg, Maryland). The ES cell lines were analyzed at passages 10 to 13. About 2000 cells 
were assayed for each telomeric repeat amplification protocol assay, and 800 cell equivalents were 
loaded in each well of a 12.5% nondenaturing polyacrylamide gel. Reactions were done in triplicate with 
the third sample of each triplet heat inactivated for 10 to 15 min at 85°C before reaction to test for 
telomerase heat sensitivity (lanes 6, 9, 12, 15, 18, 21, 24, and 27). A 36-base pair internal control for 
amplification efficiency and quantitative analysis was run for each reaction as indicated by the 
arrowhead. Data were analyzed with the Storm 840 Scanner and ImageQuant package (Molecular 
Dynamics). Telomerase activity in the human ES cell lines ranged from 3.8 to 5.9 times that observed 
in the immortal human cell line MDA on a per cell basis. 

Fig. 3. Expression of 
cell surface markers by 
H9 cells. Scale bar, 
100 pm. (A) Alkaline 
phosphatase. (B) SSEA- 
1. Undifferentiated cells 
failed to stain for SSEA- 
1 (large colony, left). 
Occasional colonies 
consisted of non- 
stained, central, undif- 
ferentiated cells sur- 
rounded by a margin 
of stained, differentiat- 
ed, epithelial cells 
(small colony, right). 
(C) SEA-3. Some 
small colonies stained 
uniformly for SSEA-3 
(colony left of center), 
but most colonies con- 
tained a mixture of 
weakly stained cells 
and a majority of non- 
stained cells (colony 
right of center). (D) 

(F) TRA-1-81. Similar 
results were obtained 
for cell lines H1, H7, 
H13. and H14. 

SSEA-4. (E) TRA-1-60. 

- 4 

limited number of sectioned embryos and 
to a n  ii 1 og i es drawn from the e xpe r i me t i  t a 1 
embryology o f  other species (.?I). Although 
the mouse is the mainstay o f  expcriniental 
111 a in ma I i a 11 ciii b r  y o I og :y , car 1 :y s t ruc tiires 
tiicluding the placenta, extraembryonic 
mcnnbrancs. and the egg cylinder all differ 
substantially from the correspond i rig st  riic- 
ture o f  the human embryo. H u m a n  ES cells 
will he particularly caluahle for the study 
of the development and function of tissues 
that differ betweeti inice and humans. 
Screens based on the in vitro diffcrcntiation 

- D 
-. . 

of  human ES cells to specific lineages 
could identify gene targets for new di-ugs, 
genes that could be used for tissue rcgcn- 
eration therapies, and tcr;itogcnic or toxic 

1ilucid;itiiig t he  iiiechaiiisiris t h a t  control 
di ftcrcn t i at i on w i I I fiic i I i t  a t  c t h e c fft c i cn I, 
directed differentiation of ES cells to spe- 
cific cell types. The staiiclnrdtzed produc- 
tion of large, purified populations of C I I -  

p I o i d h 11 tiiaii c c 1 Is si1 c ti as card i o I ii y oc yt c s 
and iieiirotis will provide a poteiitially l i i i i -  

itless source of cells for drug discovery and 

compoLlnds. 
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Fig. 4. Teratomas 
formed by the human 
ES cell Lines in SCID- 
beige mice. Human ES 
cells after 4 to 5 
months of culture (pas- 
sages 14 to 16) from 
about 50% confluent 
six-well plates were in- 
jected into the rear leg 
muscles of 4-week-old 
male SCID-beige mice 
(two or more mice per 
cell line). Seven to eight 
weeks after injection, 
the resulting teratomas 
were examined histo- 
logically. (A) Cutlike 
structures. Cell line H9. 
Scale bar, 400 p m  (B) 
Rosettes of neural epi- 
thelium. Cell line H14. 
Scale bar, 200 km, (C) 
Bone. Cell line H14. 
Scale bar, 100 pm. (D) 
Cartilage. Cell line H9. 
Scale bar, 100 pm. (E) 
Striated muscle. Cell 
line H13. Scale bar, 25 
pm. (F) Tubules inter- 
spersed with struc- 
tures resembling fetal 
glomeruli. Cell line H9. 
Scale bar, 100 pm. 

transplantation therapies. Many diseases, such 
as I'arkinson's disease and juvenile-onset dia- 
bcks inellitus, result from Ilic death or dysfunc- 
tion oi'just one or a fkw cell types. The repl;tcc- 
inent of thosc cclls could offer lifelong treat- 
ment. Strategics to prevent immune rejection of 
the transplanted cells nccd to bc d 
could include banking ES cells 
111 aj o r his t o c  om pa i h i I i t  y c om p I c x back - 
grounds or genetically manipul;iting ES 
cells t o  rcducc or actively combat irriinune 
rejection. 13ccausc of the similarities to  hu-  
mans and human ES cclls, ~rhcsus monkcys 
;ind rhesus  ES cells provide an accurate 

loping stratcgics to prevent 
i n i  mun e rejection o 1 t r an  sp 1 ant c tl cc I I s and 
for demonstrating the safety and efficacy o f  
ES cell ~ based thcrapics. Substantial ad- 
va 11 ces i t i  be sic dcv c 1 op tnc n t a I b i o I og y are  
rcquircd to direct ES cells efficiently to 
1 i ncagcs o I. human c I i n ical i i n  portancc , 
I lowevcr, progrcss has already been made 
i n  the 111 vitro differeiitiatioii of mouse ES 
cclls to neurons, hcmatopoietic cells, and 
cardiac muscle (22-24). Progress in  basic 
tlevelopmental biology is now extremely 
rapid; liiiinaii F,S cells will l ink this 
progress even inore closcly t o  the prcvcn- 
tion and trcaimcnt of hurnali disease. 
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